The spontaneous and self-stimulated parametric emission from a semiconductor microcavity after resonant pulsed excitation is measured. The emission of the lower polariton branch is resolved in two-dimensional momentum space, using either time-resolved or time-integrated detection. Employing two pump directions, we experimentally probe polariton quantum correlations by exploiting quantum complementarity. Polaritons in two distinct idler-modes interfere if and only if they share the same signal-mode so that "which-way" information cannot be gathered. The experimental results prove the existence of polariton pair correlations that store the "which-way" information.
INTRODUCTION
The strong coupling regime between the photon state of a Fabry-Perot cavity and the excitonic resonance of a semiconductor quantum well (QW) creates a new type of quasi-particle of mixed photon-exciton character, the planar microcavity polariton.
1, 2 These polaritons have a defined in-plane momentum k, and are in present realizations created in a micrometer-sized, monolithic, epitaxially-grown semiconductor structure using Braggstacks as highly reflective mirrors. Recently also excitonic resonances in organic materials are used together with metal or dielectric bragg mirrors to create polaritons. 3 The photon part of the polaritons provides them with a large energy dispersion, and to the possibility of manipulating them via an external light field. The exciton content, conversely, conveys a strong mutual interaction of polaritons, not present for photon modes. These peculiar properties have enabled the observation of parametric amplification of polaritons, 4, 5 which was interpreted as bosonic stimulation, 4, 6, 7 owing to the fact that the polaritons are, to a good approximation, bosons in the relevant exciton density regime. Recently, even more convincing evidence for spontaneous polariton condensation was reported. 8 In the absence of an externally injected polariton density to be amplified, parametric scattering provides spontaneous creation of polariton pairs (signal and idler) according to momentum and energy conservation criteria. For non-resonant optical excitation, the polaritons are created by phonon-assisted relaxation of the initially excited electron-hole pairs, and accumulate due to the relaxation bottleneck at a rather large k, with a circular symmetric distribution around k = 0. The resulting emission is ring-shaped, 9 and can show the effect of final state stimulation. 10 For resonant optical excitation, polaritons are created directly at a defined k, and the momentum and energy conservation for the scattering of a pair of these polaritons holds on an 8-shaped line of final states in k-space. 11 This mechanism has been observed under continuous wave excitation for pump, signal and idler wave-vectors lying on the symmetry axis of the 8-shape.
12, 13 Also here, a stimulation is found, that leads to a macroscopic population of the final states. The possibility of creating correlated polariton pairs was discussed.
14, 15 The 8-shaped momentum space range was observed in my previous work, 16, 17 where a quantitative comparison with the theory of parametric luminescence was presented.
Quantum complementarity is an essential feature distinguishing quantum from classical physics. 18 When two physical observables are complementary, the precise knowledge of one of them makes the other unpredictable. The most known manifestation of this principle is the property of quantum-mechanical entities to behave either as particles or as waves under different experimental conditions. The link between quantum correlations, quantum nonlocality and Bohr's complementarity principle was established in a series of "which-way" experiments, [19] [20] [21] [22] in which the underlying idea is the same as in Young's double-slit experiment. Due to its wave-like nature, a particle can be set up to travel along a quantum superposition of two different paths, resulting in an interference pattern. If however a "which-way" detector is employed to determine the particle's path, the particle-like behavior takes over and an interference pattern is no longer observed. These experiments have brought evidence that the loss of interference is not necessarily a consequence of the back action of a measurement process. 22 Quantum complementarity is rather an inherent property of a system, enforced by quantum correlations.
18
We have investigated the applicability of this principle for microcavity polaritons by performing a "whichway" experiment based on the polariton parametric process. 17, 23 The findings demonstrate the pair-correlation of the emitted signal-idler polaritons. 24 This fact, together with the possibility of ultrafast optical manipulation and ease of integration of these micro-devices, holds promise for applications in quantum information science.
INVESTIGATED SAMPLE AND EXPERIMENTAL DETAILS
The investigated sample 25 was grown by molecular beam epitaxy and consists of a 25 nm GaAs/ Al 0.3 Ga 0.7 As single quantum well placed in the center of a λ-cavity with AlAs/Al 0.15 Ga 0.85 As Bragg reflectors of 25 (16) periods at the bottom (top). The sample was characterized by reflection measurements reported in Ref. 26 . The use of a wide GaAs QW leads to a negligible inhomogeneous broadening of the QW exciton due to the small effect of interface roughness and the absence of alloy disorder. The exciton-photon coupling in the MC creates three polariton resonances from the heavy-hole exciton, light-hole exciton, and cavity mode. The mixing is well described by a three-coupled-oscillator model. 25 From the measured polariton linewidths a cavity linewidthhγ c of 0.13 meV and an excitonic linewidth ofhγ hh =hγ lh = 0.06 meV were inferred.
The sample was held in a helium cryostat at a temperature of T=5 K. The pump polaritons were excited by Fourier-limited optical pulses from a mode-locked Ti:sapphire laser of about 1 ps pulse length at 76 MHz repetition rate. The pulses were focused on the sample by a 0.5 NA aspheric lens to a diffraction-limited spot of 100 (50) µm diameter and a k-width of 0.03(0.06) µm −1 for the single (dual) pump experiments. The excitation intensity I 0 corresponds to a photon flux of 21 µm −2 per pulse at the sample surface. The excitation was linearly polarized alongx, and the cross-linearly polarized emission (i.e.ŷ) was detected. Spectrally resolved emission intensities were acquired using a spectrometer and a nitrogen cooled CCD camera with a resolution of 20 µeV. Time-resolved data were taken using a synchroscan streak-camera with a time resolution of 2 ps. Directionally resolved, time and spectrally integrated intensities were taken by a video CCD camera.
PARAMETRIC SCATTERING OF POLARITONS
The case of parametric scattering during the excitation by a single pump beam of direction k p has been discussed in Refs. 16, 17 . The final states of the parametric scattering of two pump polaritons at k p on the lower polariton branch respecting energy and momentum conservation ( Fig. 1 together with the LP dispersion E LP (k). They form an figure-8 shaped line S in k-space. This shape is due to the peculiar LP dispersion, having a negative effective mass region for |k| > 1.45µm −1 . The MC dispersion at the detuning shown in Fig. 1 was measured by directionally resolved photoluminescence. It is well described within the 3 oscillator model 27 using a Rabi-energy ofhΩ hh = 1.82 meV for the heavy-hole exciton, hΩ lh = 1.1 meV for the light hole exciton, and an effective index of 3.5 for the cavity mode. The energy of the heavy-hole exciton was E hh = 1.52168 meV, of the light-hole exciton E lh = 1.52420 meV, and of the cavity mode E cav = 1.51930 eV at k = 0, corresponding to a detuning of -2.4 meV to the heavy-hole exciton. We measure the wavevector and time-resolved emission intensity I(k, t) after excitation at t = 0. I(k, t) is proportional to the polariton density N (k, t) times the escape rate to the detected photons. The escape rate is given by the cavity content c(k) multiplied with the photon decay rate of the cavity γ c , so that
Using two pump directions k p1 , k p2 allows, additionally to the parametric processes present for the individual pump directions, for mixed parametric processes involving one polariton of each pump. These mixed processes feature a variety of new shapes for S, some of which are displayed in Fig. 2 . For an azimuthal separation of the pumps, the 8-shape deforms into a peanut, then an oval and finally to a circular shape. For an axial separation instead, the 8-shape splits into two separate loops, that approach circular shape. These distinct behaviors are 17 for a single pump at kp The signal (red) and idler (blue) polariton states for parametric scattering of two pump polaritons (green) under energy and momentum conservation are shown in a three-dimensional graph of (k, ELP(k)) for kp = (1.73, 0) µm −1 with the polariton dispersion ELP(k) as described in the text. For illustration, a specific signal-idler combination with ks = (0, 0.89) µm −1 is highlighted by circles and connected by a line. The projections on the two-dimensional planes are given. On the lower plane, ELP(k) − E hh is shown on a grey-scale contour from -3.5 meV (black, innermost contour) to 0 meV (white), with 0.1meV spacing. reflecting the different detuning of the effective pump energy (E LP (k p1 )+E LP (k p2 ))/2 compared to the equivalent single pump case of E LP ((k p1 + k p2 )/2). Due to the shape of the polariton dispersion, the effective pump energy is increased for an azimuthal separation, and (initially) decreased for a radial separation.
To realize the dual pump configuration, I have expanded the original experimental setup used for the single pump case by a Mach-Zender interferometer on the excitation side (see 1 in Fig. 3) . It splits the excitation into two directions and thus k values, which are individually adjustable by the tilt of the mirrors M1 and M2. The mirror surface is imaged onto the sample surface by the lenses L and A. Gimble mirror mounts are used for M1 and M2 to ensure that the excitation area on the sample and the temporal coincidence of the excitation pulses is independent of the mirror tilt. The MC emission is collected by the same lens combination, and imaged onto a pinhole (PH) to reject scattered light from surfaces in the setup other than the sample. The pump pulses directly reflected off the sample can be rejected by a mask (M) in the Fourier plane of lens A to avoid their scattering in the subsequent optical path. The detected emission is analyzed using a Glan-Thompson prism (POL), that transmits the emission cross-linearly polarized to the excitation pulses only. The Mach-Zender interferometer on the detection side 2 is used to create an emission interference.
The dual pump geometry allows one to probe the quantum complementarity of polaritons, which is a result of their quantum nature. 18 Here, I test a manifestation of this property that makes quantum particles appear to be either particles or waves under different experimental conditions. The underlying idea in our experiment is the same as in Young's double-slit experiment: due to its wave-like nature, a quantum particle can travel along a quantum superposition of two different pathways, resulting in an interference pattern. If however, it is possible in principle to determine which way the particle has taken, the interference pattern is no longer observed.
To discuss the theoretical background, I follow the description given in Ref. 23 . The effective Hamiltonian describing the parametric polariton process assuming classical pump-fields iŝ
where the Bose operatorsp † k are the polariton creation operators, and G(k, k ) contains details of the pump fields and the polariton interaction. The experimental scheme employs two mutually coherent pump modes of momenta k p1 and k p2 with the classical field amplitudes P kp1 and P kp2 , for which G(k, k ) = gP k P k (δ k,kp1 + δ k,kp2 )(δ k ,kp1 + δ k ,kp2 ). The constant g is the polariton-polariton interaction amplitude, accounting for both the Figure 3 . Scheme of the optical setup used for the dual pump experiment. 17 The two phase coherent pump pulses are created in a Mach-Zender interferometer 1 consisting of the mirrors M1, M2 and the beam-splitters BS1, BS2. Their relative phase is adjustable by a piezoelectric element (P1). The pump pulses are imaged by the aspheric lens A of 0.5 numerical aperture from the mirrors onto the MC. The emission from the MC is collected by the same lens, and directed by BS3 into a second Mach-Zender 2 which, by using a double mirror (M3,M4) in one arm and a corner cube mirror (CC) in the other one, produces interference between fields at k = (kx, ky) and k = (kx, −ky). The detection phase can be adjusted by P2. All beam-splitters are non-polarizing.
Coulomb interaction and the Pauli exclusion principle.
11 Two of the four products of δ's represent parametric processes driven by a single pump mode (black and red curve in Fig. 4 ). The two other terms are mixed-pump processes involving one polariton from each pump mode, whose energy-momentum conservation defines the magenta curve. We first consider a pair produced by one pump only (P kp2 = 0). In the limit of low excitation intensity (τ = g|P kp1 | 2 t 1), the time evolution operator applied on the polariton vacuum state |v yields up to first order in τ the entangled polariton state |Ψ = |v s,i + τ |1 s |1 i , where s and i label a pair of signal and idler modes. This quantum state shows that the parametric process produces correlated signal-idler pairs. Using two mutually coherent pump polariton fields of equal amplitudes P kp2 = P kp1 e iφ , pairs of parametric processes sharing the signal mode are allowed (see Fig. 4 ). Such a pair of processes involves two idler modes i1 and i2 and one common signal mode s. In the limit of low excitation intensity, the time evolution operator applied on the polariton vacuum state yields in this case up to first order in τ :
The resulting polariton population at the signal mode Ψ|p † kspks |Ψ is independent of φ. Interference is absent due to the orthogonality of the idler states i1 and i2, that contain the information from which of the two pumps the signal originated. Interference is also absent from either idler-polariton density, since only one path is present in them. However, when observing the sum of the two idler polariton fields, again two pathways are involved. The resulting particle population is Ψ|(p † ki1 +p † ki2 )(p ki1 +p ki2 )|Ψ = 2 Ψ|p † ki1pki1 |Ψ (1 + cos(2φ)). Interference is present since the two idler modes are pair-correlated with the same signal mode, which therefore does not contain any "which-way" information for the mixed idler mode.
The following experiments were taken at a slightly different cavity detuning compared to the single pump case presented in 16, 17. The LP dispersion was measured by spectrally and k resolved emission, and was fitted by the three-oscillator model 27 usinghΩ hh = 1.68 meV,hΩ lh = 1.1 meV, E hh = 1.52187 meV, E lh = 1.5246 meV, E cav = 1.5212 eV at k = 0, corresponding to a detuning of -0.7 meV to the heavy-hole exciton.
The polaritons at a given k are observed by detecting the photons emitted at the same in-plane momentum, measured as a function of the relative pump phase φ. This is accomplished by detecting two superimposed k-resolved images of the polariton emission, one of which is preliminarily inverted along the k y axis. The two mutually coherent pump pulses are created by splitting the exciting laser pulses (see 1 in Fig. 3) , and are synchronously impinging on the microcavity with k p1 = (k px , k py ) and k p2 = (k px , −k py ). The relative phase φ of the pulses can be adjusted using a fine adjustment of the M2 position by a piezoelectric transducer P1. The emitted photon field E(k) of the MC is directed through a Mach-Zender interferometer ( 2 in Fig. 3 ) creating the superposition E k + e iϕ E k , where k = (k x , k y ) and k = (k x , −k y ). The phase ϕ can be adjusted using the piezoelectric transducer P2. Blocking one of the detection interferometer arms, the intensity I(k) = |E(k)| 2 is measured, which is proportional to the polariton number N (k) = Ψ|p † kp k |Ψ . The measured N (k) is shown in Fig. 5 for pump 1 only, pump 2 only, and for both pumps. The observed parametric processes are in agreement with the calculated S including 0.2 meV renormalization (dotted curves).
Using both arms of the detection interferometer, the detected intensity isĨ(k) = |E(k) + e iϕ E(k )| 2 . Due to abberations of the collection optics, the phase ϕ can show some systematic variations over k space.Ĩ(k) is proportional to the polariton numberÑ k = Ψ|(p † k + e iϕp † k )(p k + e −iϕp k )|Ψ , which depends in general on the relative phase φ of the pump pulses. The measuredÑ k are shown in Fig. 6 for ϕ = π and various φ as indicated.
To understand at which k y the idler polaritons share the same signal mode, and thus interference is expected, I consider parametric processes driven by either one of the two pump modes. The pump at k p1 produces the emission of polariton pairs at k and 2k p1 − k respectively. Equivalently, the pump at k p2 produces pairs of k and 2k p2 − k . By construction, the modes at 2k p1 − k and 2k p2 − k have the same x component but opposite y components ±(2k py − k y ). Consequently, idler modes at k and k share the same signal mode if and only if k y = 2k py (see dotted lines in Fig. 6 ). Interference is actually observed in the experimental data at this k y for k x values at which the parametric emission dominates, i.e. k x ≈ 2.4 µm
For a quantitative analysis of the interference, I determine the visibility from the measurements using
, where · · · φ denotes the average over φ. For a sinusoidal modulation, this definition is equal to the standard definition V = (I max − I min )/(I max + I min ). The measured visibility is given in Fig. 7a , showing that interference is actually observed at and only at * the expected region in k-space, with a visibility of about 0.5. The visibility is below unity due to contributions of photoluminescence and higher-order scattering * other interferences with a different φ dependence, related to the mixed parametric processes and to four-wave mixing are also observed, outside of the region shown in the visibility data processes to the emission. The measured interference shows a cos(2φ) dependence (see Fig. 7b ), as predicted by Eq. (2). Additionally, in agreement with the above analysis, the signal at k x = 0 (dotted) displays no interference, even though it is created by a superposition of contributions from both pumps.
I point out that Eq. (2) is valid only in the low intensity regime, for which stimulation is insignificant. The present measurement was performed at the onset of the self-stimulated regime, corresponding to an excitation intensity of 40I 0 according to Ref. 16 . In the self-stimulated regime, the conclusions about the interference drawn from Eq. (2) are still valid, however, the interference could be also accounted for by a classical parametric model including random-noise driving terms. 29 In order to decide if the quantum nature of the particles is important for the observed interference, I have therefore measured the time-resolved visibility of the interference, and compared it with a quantum Langevin model. 23 From the comparison it results that only the quantum origin can explain the observed high interference visibility within the first 5 ps after excitation (not shown here).
CONCLUSIONS
In conclusion, I experimentally observed the final-state shape of the parametric polariton-polariton scattering in a semiconductor microcavity pumped by two pump directions. Using the dual pump scheme, pair-correlations of the parametrically created polaritons were demonstrated using a quantum mechanical "which-way" experiment. This result opens the possibility of producing many-particle entangled states of light-matter waves in a semiconductor.
